Introduction
Studies on fluid and membrane endocytosis in simple epithelial cells have been performed on whole tissue [ 1-61 or with filter-grown epithelial cell lines [7-131. Both kinds of studies have demonstrated that endocytosis is initiated both at apical and basolateral surface domains of epithelia, and that the two endocytic pathways meet. However, the extent of meeting has been quantified and the site of convergence has been identified in detail mainly in cultured cell lines [7-131.
The development of filter inserts for cell-culture wells has facilitated studies of polarized functions in epithelial cell lines. A confluent monolayer of cells on the filter support separates the apical and basolateral medium reservoirs efficiently. Two different endocytic marker molecules administered to opposite sides of M3din-Darby canine kidney (MDCK) epithelial cell monolayers were first observed in distinct populations of early apical and early basolateral endosomes, before they were found to co-localize in late endosomes, identified by the high content of mannose 6-phosphate receptors. The marker molecules were subsequently transported to lysosomes [ 8-lo] .
Early endosomes are localized close to the cell periphery, while late endosomes are found in more central regions of the cell, near the nucleus. Internalization of fluid phase and membrane into early endosomes and recycling from these back to the plasma membrane shows no microtubule-dependence, while transport from early to late endosomes may, in several cell types, be blocked by drugs that depolymerize microtubules [ 14-171. Treatment with such drugs (e.g. nocodazole) allows endocytic carrier vesicles, which pinch off from early endosoma1 elements, to accumulate within the cell, presumably because the microtubule tracks leading to late endosomes are absent [ 141.
In epithelial MDCK cells the extent of meeting of two different markers, endocytosed from the apical and the basolateral side of the cell layer respectively, was dramatically reduced after depolymerization of microtubules by nocodazole [ 181. However, the reduction in transport efficiency along the two converging endocytic routes was not addressed separately. In vitro fusion experiments with post-nuclear supernatants containing labelled endocytic organelles revealed that late endosomes from two batches of MDCK cells could fuse and exchange their contents. Depolymerization of microtubules before preparation of the post-nuclear supernatants putatively leads to accumulation of carrier vesicles. These were still able to fuse with late endosomes from untreated cells. Only when both cell batches were pretreated with nocodazole did the fusion signal require the presence of stabilized microtubules in the assay mix [18] . It is, however, unclear whether apical and basolateral carrier vesicles have the ability to exchange their contents directly in a microtubule-dependent manner, or whether this exchange is via unlabelled late endosomes also present in the assay mix.
In MDCK cells, late endosomes are normally found both above and below the nucleus [8, 9] . Acidification of the cytosol induced fragmentation of the late endosomes and plus-end-directed transport along microtubules towards the base of the cell, while re-alkalinization resulted in transport of late endosomal elements in the opposite direction [ 191. Depolymerization of microtubules with nocodazole abolished the movement in the basal direction, and resulted instead in clustering of late endosomes in the Golgi area above the nucleus [ 191. A subpopulation of late endosomes is present in this region of the MDCK cell. These endosomes are the first to receive an apically internalized fluorescent fluid-phase marker, after approx. 15 min of incubation at 37°C. Upon further incubation, the fluorescence is observed in late endosomes positioned all around the nucleus [8] . This expanding distribution of marker may be due to a lateral exchange mechanism within the late endosomal compartment, and would thus be similar to the mechanism reported by Deng and Storrie, which is also highly dependent on intact microtubules [20] .
Our original goal was to label the different stages of apical and basolateral endocytosis with fluid-phase and membrane-bound markers and to separate, and possibly isolate, these organelles by density-gradient centrifugation. Depolymerization of microtubules would hopefully prevent transport of such marker molecules to late endosomes, restricting the label to compartments prior to this stage in the pathway. When we preincubated MDCK cells with the microtubule-disrupting agent vinblastine, we dramatically reduced the transport of the membrane-binding protein toxin ricin from the basolateral surface to the lysosomes. In contrast, transport of apically internalized ricin was not reduced, but stimulated. These findings have led to more experiments and speculation concerning the microtubule-dependence of the apical endocytic pathway in MDCK cells.
Degradation of ricin as a measure of lysosomal transport
Ricin was iodinated via the tyramine-cellobiose (TC) adduct. Endocytosed ricin will undergo proteolysis and '251-TC will be released. Due to the linkage to the TC adduct, Iz5I will not escape from the cells after degradation of the labelled protein toxin, as is the case after conventional iodination. Instead, the degradation product will remain within the organelle where degradation took place [21] . Trichloroacetic acid precipitation allows pelleting of protein-bound label, while released label is soluble in trichloroacetic acid [22] . Although prelysosomal degradation has been reported, the bulk of the degradation is lysosomal. Quantification of endocytic uptake was performed by measuring total cellassociated ' "1, while the amount of degraded protein (trichloroacetic acid-soluble activity) is proportional to the amount transported to the lysosomes, the final station of the endocytic route. This is therefore a measure of transport beyond the microtubule-dependent step in the endocytic pathway.
MDCK cells (strain I) were maintained in culture and grown on polycarbonate filters (Costar 3412) as described [23] . The cells were allowed to take up 12sI-TC-ricin from either the apical or the basolateral side of the monolayer for various periods of time. Endocytosis of ricin was measured as total cell-associated toxin that could not be removed by lactose washes [23] .
Vinblastine is a microtubule depolymerizing drug capable of blocking transport of endocytosed material to the lysosomes [24, 25] , presumably by disturbing the transport step from early to late endosomes as described above. Vinblastine treatment of MDCK cells resulted in a decrease in basolateral ricin endocytosis (67% of control), while ricin degradation was reduced to 27% of control values, indicating a clear microtubule dependence (Figure 1) . Apical endocytosis and the resulting 
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ricin degradation were not reduced, but were in fact stimulated. Ricin binds to cell-surface glycoproteins and glycolipids having a terminal galactose. Internalization of these molecules occurs both via coated pits and from non-coated areas of the plasma membrane. The relative contributions to ricin uptake of these two alternative pathways will vary from cell type to cell type [26] .
Ligands taken up from coated pits
Although coated pits do exist at the apical surface of MDCK cells [9, 27] , few ligand-receptor couples have been described that are suitable for studies of apical endocytosis from coated pits. Rrefeldin A (BFA) has been reported to re-route a fraction of the transferrin receptors from the basolateral to the apical surface in MDCK cells via the transcytotic route [28] . We wanted to investigate whether we could partially shift another receptor to the apical surface, preferentially a receptor that transports its 
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Mateo, CA, USA.) was determined as described [29] . Figure 2 clearly shows the stimulatory effect of BFA on apical endocytosis of the ligand. The apical uptake in lg12 cells is specific in both the presence and the absence of RFA when compared with the background values for MDCK cells not expressing the chicken glycoprotein receptor. The degradation of N-acetylglucosamine-RSA was also increased in proportion to the endocytic uptake, indicating that the complete endocytic pathway was operational in the presence of BFA (results not shown).
We were now able to study the effect of vinblastine on endocytosis from coated pits, both apically and basolaterally, in MDCK cells. Basolateral endocytosis of N-acetylglucosamine-BSA was decreased by SO% in the presence of vinblastine, while the fraction of internalized ligand that was degraded was reduced even more, from 68% to 35%. This is compatible with the view that vinblastine blocks transport from early to late endosomes, since a late event in the endocytic pathway was inhibited more than was total endocytosis (Figure 3) . For apical endocytosis, the fraction of the endocytosed ligand that was degraded was unchanged (50%) in the presence of BFA. The total amount of endocytosed ligand was slightly reduced in the presence of vinblastine. This may be explained by a slight decrease in the number of lg12 cells were grown on filters as described in legend t o Figure 2 . The filters for studies of apical endocytosis were first incubated with BFA (5,ug/ml) for 60 min, then for another 60 min in the presence of both BFA and vinblastine (50pM). '251-TC-N-acetylglucosamine-BSA was then added t o the apical medium and the incubation allowed t o proceed for a further 120 min. Filters for studies of basolateral endocytosis were preincubated with vinblastine (50,uM) for 60 min before the ligand was added, and the filters were then incubated for another 120 min. All incubations were at 37°C. Our data may be interpreted in several ways. One possibility is that the apical endocytic pathway in MDCK cells does not require microtubules, which means that transport from early apical endosomes to late endosomes would not be inhibited by microtubule-disrupting drugs. This conclusion does not strongly contradict data presented to date, although other conclusions have been reached [ 181. This question, therefore, remains to be addressed.
If the role of microtubules is to mediate transport of vesicles over a distance, the lack of microtubule-dependence for apical endocytosis may be explained by the redistribution of late endosomes observed in MDCK cells after depolymerization of microtubules [ 191. After nocodazole treatment, late endosomes cluster in the apical region of the cells, close to where the early apical endosomes are located. The distance a putative carrier vesicle has to cover may thus be reduced, as may the need for microtubules.
Although vinblastine seems to disrupt the original organization of microtubules in MDCK cells, abnormal tubulin clusters may still be seen by immunofluorescence. It could be argued that a subset of microtubules that is resistant to vinblastine is required for efficient transport along the 
